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DTTRODUCTIctI 

It has Ion;,; been cO",'r.:: that a shock YlaVe is propapted in a gel.s 
with a veloci1:y which changes '.'Iith pressure and which may be many times 
greater t..'lan the velocity of SOU-Tld. Accordingly, the velocit:,r is 
measured by the pressure and the energy content in the wave, and is, 
therefore, a rather significant factor in the determine. tion of t}~e 

demolition capacity of the wave. }Tevertheless, kn07fledge re€;arding 
shook velocity is quite incomplete and unsatisfactory despite the many 
investigation~ carried out in the past. 

The measurements presented here "'ere made at the Fysikaliska 
~orskningsa~~elningen vid AB Bofors frhysical Research Department at 
Bofors, LtdJ , and aL~ to cope direc~ly with this deficiency regarding 
spherical ch~rges. 

Knowledge of the results R.lso yields the opportunity to check 
theory by examining the cOIl!lexion between the emanati.."1g '::ave ar.d the 
characteristics of the e::cplosi'T'~ cnarga. This was ano'ther reason for 
the present rather comprehensive investigation. 

iVe 71ere particularly an:cious to check: two theories ~ an ole. one 
by R~uenberg (Reference 1), and a quite recent one by Sedov (~eference 
2) because of application to the calculation of the &oount of energy 
that is liberated by an atomic bomb explosion. Bel~l are shm'm the 
Bofors measurements ':1hich !lre not at all in agreement :-lith the ;?re­
dictions of either of the above theories. Thus it is certain th9."! t'1.e 
above theories are useless for the calculation of the amoll.'"lt of energy 
liberated by an atomic bomb explosion. Applications to the ~t.crmic co~b 
appear, therefore, to be hardly promising. 

Let us survey the previous experimental work: published on this 
topic. One then meets only with qualitative results. 1~ny investi­
gators have found that shock front velocity is very high in the 
vicinity of the charge and that it decreases with distance, gradually 
approaching acoustic velocity, and from their findings have actempteci 
to fOI'!:lulate laws, but the measurements turned out to be irreproducible. 

The essential cause of the poorness of these results, de ta the 
range of weights of charges exploded, which in sone cases extended ~? to 
1500 kg, is indubitably due to t:'J.e neglect of the effect of t:'e snaFe of 
the charge. Measurements at 30fors have sh~m that cylind:-ical charges 
produce a distinct directional effect not only with r'3Spect to the 
bpulse, as the author has demonstrated in Reference 3, bUi: also '1'n. th 
regard to the velocity. Thus it is apparent that when veloci t:'IJ 
measurements are obtained without consideration of the s;,ape of vne 
cnarge, the results will be rather puzzling and irr~produci~le. Thi~ 

rel':'Ark applies to all the experiments cs.rried out by the authors named 
below. It should further be added that the charges ~ere often inssr~ed 
in magazine containers or metallic covers which could have directed the 
explOSion '.'lave i.."l an imperspicuous manner. 



The first velocity measurements of explosion waves were made by 
Mach, who, in 1877 to 1889, experi=tented with very small charge ':!eights. 
Among other experiments we may list those by Wolff (Reference 4), von 
Angerer and Ladenburg (Reference 5), Burlot (Reference 6), and partlo 
and Service (Reference 7). 

The tvlO last named experimenters have made the notable observation 
that the velocity within a certain range of charge; radii is subsonic.· 
It does not appear likely that this result is correct. Apparently, the 
error lies in the neglect of the directional effect and of the scaling 
law derived from the principle of dynamic similarity according to which 
all velocities are equal at distances measured in charge radii, for a 
specified type of explosive. 

The form of the charge introduces considerable complications as to 
the directional effect, particularly near the ground. It is reasonable 
to begin by eliminating these difficulties by choosing as a charGe form 
the sphere which alone is fully symmetric if set off at the charge 
centre. This is the reason for confining the present investigation to 
spherical charges. 

When such a charge is detonated it sends out a shock wave wi t..1-J.in 
which the pressure behaves, as Figure 1 shows, with a pressure maximum 
at the discontinuous front. The pressure generally decreases linearly 
\vith time behind the front and attains at point 2 the value of one 
atmosphere to drop below this value thereafter. The ",vave front is 
propagated with a velocity WI which decreases with the distance from the 
charge, starting from the maximum value Wo at the surface. 

Ro = Charge radius 

R = distance from the centre of the charge 

1'1 = time for shock front to reach R, starting from Ro 

1'2 = time for pressure to become atmospheric after passage 
of the shock front 

Q = charge weight 

w2 = shock velocity at time 1'2" 

Then the corresponding quantities scaled .. according to the la':, of sL"!1.ili­
tude are: 

The times t1 and t z 
tl = f1 (r 

.. 
= R Q-l/3 

o 

t - l' ,,-1/3 
Z - 2"1. • 

are related to rand r by 
o 

where f1 and f2 depend on the tj~e of explosive but do not depend 

explicitly on Q.. 
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FIG. 1 

7,: I 

Vv\ \\\~A1vW\Pv'\ \\VVV'vV 
i \ ( 500 CPS) 

I 7.N.T. 

"I 
I 

• • 

Pressure·Tlme Curve for Spherical TNT Charges 

FIG. 2 

Typical Cathode-Ray Oscillogram Showing Measured Time Intervals 

FIG. 3 

/1,-k"(1/("" (MICROPHONE) 

7o~Cftl! (PHOTOCELL) 

Oscillogram with Curve Distorted for TIme Measuring 
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The difference t+ = t2 - t1 is the duration of the positive pressure 

at a fixed point r while a '.'lave is passi.."lg. The positive 1'rave-1ength 1+ 
is the distance be~veen the position of the front at time t2 and r. One 
then gets 

r ,'11 + ,'12 
1+ =w2(t2 - t 1). ~iCi 1+ = 2 (tz - t 1) is a better 

approxima tionJ 

where w2 may approximately be replaced by the sonic velocity c at large 
distances. 0 

EXP'Sl.U !.!ENTAL PRCCEDURE 

At the moment the explosion products break through the surface of 
the charge. almost immediately a shock wave forms and an intensive 
radiation is emitted and is recorded on an oscillograph by means of a 
highly evacuated photocell (Philips, tJ~e 3250) and a trigger coupling. 
At the distance R is placed a crystal-receiver which registers the time 
of arrival of the wave at R. 

The arrangements have to be varied according to whether the dis­
tance is small or large because in the former case one measures t~e of 
the order of microseconds and excess pressures that are e~cceeding1y high, 
while in the latter case one measures longer time intervals of the. order 
of milliseconds and smaller excess pressures. 

At small distances one uses an S.K. quartz-gauge. It consists of 
a steel rod, at the farthest end of "/hich one places a quartz crystal 
shielded by a threaded hood. The oscillograph is a po1ar-recordinb 
cathode-ray ~scillograph Quilt by the Fysikaliska Forslcingsavdelningen, 
AB Bofors which contains a cathode-ray tube manutactured by the AB 
Standard Radio Fabrik, Stockholm. Spots of light describe a spiral 
consisting of about t~xee effective turns nith a speed that is adjust­
able in steps fram 20.000 to 200 rps. For a shorter time interval a 
higher speed of rotation of the oscillograph trace is used. Thus cer­
tain difficulties arise on how to start the oscillograph at the right 
moment so that one loses the incaming si~nals from neither the photo­
cell nor the quartz-gauge. These signals are, as a rule, three ~ 
number, taken at various distances ITom the charge. Thus three travel 
times are measured for each explosion. The problem is solved in the 
foll~Ning manner: The charge is initiated by a detonator cap and a 
PETN-fuze* through wr~ch a thin copper thread is dra7J!l out to a suitable 
distance from the explosive cap. «hen this ~ire breaks, the oscillo­
graph commences to IDveep its spiral path~ which is reoorded on the 
screen. Using various lengths for the fuze between the break-':'lire and 
the detonator cap in t~e oentre of the charge one may easily reproduoe 
various delay times. Such an osoillogram is snmlrl in Figure 2. The 
OSCillograph tubes do riot indioate full circular s~etry. Therefore, 
the reading is performed with the aid of a calibrated protractor. Wi th 
a speed of lO.OOOrps the reading accuracy is about 0.5 ~s~ i.e., one 
:may measure 50.fl- s 1'li th a tolerance of 1 per cent. 

6 



• 

Of course, it is irJ.port~nt for such short -'ci!:'.e interil-als tl:;J.t the 
response time of the entire circuit be minimal. This requirement is 
checked by firing several S!10tS ',7i th a quartz crystal cc::-_ented directly 
to the surface of the chare;e 8-t· each firinG. The signal from the 
crystal and the photocell trigger circuit are incorporated simultane­
ously in the cathode-ray oscillograph which has a recording velocity of 
4000 m sec. -1 It turned out th:lt the time difference bet'seen the t"I'lO 

signals maintained the magnitude of 1 to 2 times 10-7 sec., ~.e., a 
value safely below the accuracy of reading. 

At large distances a six-sr:iral Siemens oscillograph ':ras employed 
with a maximal paper speed of 10 m sec- l The crystal receiver was a 
Brush microphone with Seignette crystal. The microphone is connected 
to a non-linear amplifier, that is, one ,nth very high sensitivity for 
small intut voltage, but with curre~~ saturation already at ~oderate 
voltage Li. e., a hieh gain amplifier]. A.ccordinGly, zero tir.:e in the 
pressure-tilr.e curve may be measured .• i th an accuracy greater t::an the 
one obtainable 'Nith the use of a linear amplifier. For this co~p~re 
Figure 3. which shows the distorted and normal diagrams according to 
Figure 1. The current curve of the photocell is also sho'.vn in the 
fi~~re. In order to facilitate distance measurements and to reduce 
effects of possible horizontal wind disturbances the charge is susper-ded 
vertically above.the microphone placed about 1 m above the ground. TLue 
measurements are made with a tuning fork calibrated with en'"' from tne 
Telegraph 80mpany at a telephonically transmitted frequer-cy of 500 ?~ 
[j~e., cps], the accuracy of which is indicated to ~e greater tha~ 1 in 
10 • . 

• 
Explosions in compressed and evo.cuated air are c"trried out in a 

specially constructed spherical chamber of 5.5 m3 displacement ·-:i_r.h a 
diameter of 2 m. This permi ts th~ explosion of 0.25 kp.; of T~TT r:... C7l:I50"N~ 
at an initial pressure or 4 ata. [ltr.lospheres absolutp]. The co.~:....iner 0 

can also be evacuated to a vaCUtllfL of a few mm Eg. Th~ measuring 8.rrange­
ments are the same as given above for small distances in free a.ir. The 
photocells are located outside the container and r8IJ.ct to the radiation 
from vl'ithin through a small glass window. Quartz-gauges are placed L'1-
side the chamber and are connected by pressure-sealed leads to each of 
their trigger circuits on the outside. 

SXPERI1:EN'i~L RESULTS AND COBR=C7IO~TS 

Charges are weighed in grams, snall distances are measured in 
millimeters, and large distances izl. centimeters. Tenpe!"ature, :!r.lr.lidi ty 
and bar~etric pressure are determined before every shot. 7he charges 
are exploded in calm air. 

The measurements are corrected as follows: 

1. Quartz-gauge measurements of travel ~~~es are decreased 
by 1 ~s corresponding to the time the pressure requires tc be 
transmitted through the protective shield of the gauge. 

7 



2. Trll'lel times are reduo~d to a temperature of' 0 clef; C c.:ld 
a. hu.'1lidit;,c of' 0 per cent by multiplication by +;he :,actor 

-3Q 
k = 1 + 1.832 x 10 ~ + 0.16 ehjE 

where 
.s. = temperatU!"e in deg C, 

e = humidity in per cent, 

h = measured vapour pressure, 

8 =barometrio pressure. 

The factor k indioates the ratio of' sonic velocity in the 
given still a.tmosphere to that in an a"bosphere of' 0 deg C and a per cent 
b:umidity. 

3. The times measured by the polar-recording osoil1ogra~h are 
reduced by 0.S9 per cent 'oecl:l.use it permits9.greement '.11th ':he more 
accurately calibrated tL~e indication of' the spira.l oscillograph. 

The parameters varied 1"li thin the follO""ring limits: 

Temperature 2.5 to 21.2 deg C, 

Sumidity 61 to 96 per cent, 

Bar ometric Pre !:laure 738 to 759 rom Eg. 

Chargs Feight 0.246 to Q.255 kg, 

0.965 to 1. 'J05 • 

Type of' Explosive PETN'; TUT with 10, 20, ;':0 ~)el' cent; :,,1. 

The oorrected ~ea~ values of the times are found in Tables 
I, tomas follovTS I 

Table r 

Table It gives the tir.:es tl at 7<3.rious del1si ties of "'::11e 
ambient air J 

T,'ble m -, .... "'s "'''''e t.:; ........ t at- a."'--os"",·",-';c -r"'s "'1'-0 "'~.,. ~ 0 .... " """ \;I.... ..........""..., 1 ..; ~h ...... "'10........... ,::' "" ............ v .:. u. 

explosive charge:.. oti:er than 100 per 71:-r, 
::::.amely: PE:':7; TNT nith 10, 20, 30 :'::)'~r ce:::t .~l. 

With tlle few measurements that 71e :-:ave for an:" given d.is­
tance it would be unreasonable to calculate the ~ean square error. As 
a. measure of dispersion we choose instead the differences bet7reen the 
highest and the loy/est measured values (the range). E~e greatest 
deviations from the above mean values, given in colur.ms 2 and are 
thus approximately one-half' of the range quotec in columns 3 and 5. 
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The dispersion in r varies with the charge ".'feight. 

TABLE I 

MEii..SURED TIME FOR SEOCK FROUT TO REA.ell r. AKD Tn1E 
AT WHICH. THE EXCESS PR3SS'U'TI.Z VAlIISIES 

Values corrected to 1 kg charge weight, 0 deg C tenperature, and 0 per 
cent humidi~. . 

ExploSive Charge I TNT. 
-1/3 r = O. 054 m kg • 

o 

Q = 0.25 kg 

1 2 3 

~o. Dis-
of r - r persian 
Obs. m* 0 mm 

4 5 

Dis-
t persion 
ms f's 

Small Distance: 

4 .104 1 .021 1 
4 .183 1 .043 6 
4 .341 2 .100 7 
1 .422 - .133 -
6 .579 1 .213 16 
5 .658 4 .264 17 
6 .737 4: .330 21 
5 .816 4: .~89 8 
6 .897 6 .465 27 
7 1.056 12 .626 31 
5 1.215 14 .809 48 
7 1.374 15 1.018 28 
5 1.532 10 1.224 21 
t: 1.690 12 1.491 43 v 

5 1.848 13 1.774 24 
1 2.001 -- 2.062 -

Large Distance: 

2 3.11 10 4.41 90 
2 6.22 20 12.72 0 
3 9.14 0 21.79 40 
2 12.57 10 30.68 60 
2 15.74 0 39.81 25 
2 18.85 0 49.22 24-

Q = 1.00 kg 

6 7 8 9 10 

~ro. Dis- Dis-
of r - r persion t persion 
Obs.; 

0 
f's r.J. :nm InS 

i 
Wave Front 

4 .200 1 .047 2 
4 .300 1 .083 2 
4 .400 1 .128 6 
5 .44:6 2 .142 30 
5 .546 :5 .2C4 19 
5 .• 746 4 .341 21 
4 .846 6 .413 15 
4 1.~6 2 .611 0 
4: 1.246 1 .8L.b3 20 

... __ ._--
Y;a7S Front 

2 3.95 10 
1 ~ : ~ I-·~· i ~--3 5.96 :30 

2 7.97 10 17.33 40 
2 c ,.,-

"".;;;.) 20 22.97 30 
2 11.94 0 28.97 40 

Large Distance: Tb.e at which Positive Phase 'ianishes 
for GiVen Distance r 

2 12.57 10 34.90 140 2 7.97 10 20.95 4:30 
2 15.74 0 44.37 490 2 9.93 20 27.00 90 
2 18.85 0 53.65 190 2 11.94 0 ""'r') ~-

~"'.'~ 70 

,.. [SiC; the dir:lensions given i~ this r~w should be m'..ll tiplied by kg -1/3J 
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TABLE II 

Values 00rrected to 1 kg charge weight, a 
cent humidity. Density~o ., in kg m-3 • 

('. ,;. 

Explosive Charge: Tl'IT. 

Charge weight I 0.25 kg. 
-1/3 r = O. 054 m kg • o 

Q. = 5.10 
0 

r - r 
0 % )-Ls* 

.15H 50.6 146 

.278 -- ---

.316 131.7 149 

.342 147.6 149 

.476 249.0 153 

.786 584.0 159 

Q.
o = 3.81 

fA,s 
cd' 
1° 

45.8 132 
99.9 136 

121.3 137 
136.4 138 
229.1 141 
534.6 145 

Q. = 2.55 
0 

Q. = 1.20 0 

% 01 
jJ.s JA.s 

,0 

40.8 118 34.6 100 
- --- 73.5 100 

105.9 120 88.2 100 
-- --- 98.8 100 

202.0 124 162.6 100 
-- --- 368.1 100 

The travel times are measured by one shot for each dis~ance, except for 
(J ::: 2.55 where two shots are used, and {{ = 1.29 where the -':::imes are 

ca18u1ated by the formulae for small distancgs. 

TABLE III 

:MEAstrnED TRAVEL Tn~s FOR YARIOUS EXPLOSIVE C:~:.:aGZS COMPP.RED • 
TO THOSE FOR TNT AT ATMOSPESRIC FRESSURE 

Mean values of two shots at each distance. 

r - r PETIT 10 % A1 + 20 :r,; .11 + 30 % .".1 + 
m** 0 % 90 % TNT eo % T:rT 70 % T~'"T 

% ,:If d 
;" ;" 

.26 95 100 104 III 

.50 94 107 102 112 

.74 94 101 101 107 
1.05 94 100 105 103 
1.35 94 99 95 101 
1.65 100 I 100 100 103 

M. v. 95 101 104 114 
k 93 104 104 114 

0 

~ +.03 

• 

",.03 ~.03 "l'.03 
- -, 

* -1/3 this row] ~ic; fL.8 • kg in *. kg -1/3J 'sic; m • ... 
10 
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The measured values of the travel tiL,es tl and t2 =.a.y :-:e reprod1~ced 
very accurately by means of the follovling formulae: 

For small distances 

For large distances 

l/tz = c /(r - r ) + cl/(r - r )2 o 0 0 

h ", , l' , , 3'" 3 -1 r, 3"'1 - -1) ~ ere c ~s ~e son~c ve oc~~y, ~.e., v. m sec. lS~C; 0.~ m sec • 
The b'soand c's are determined by the method of least squ~res. 

Thus the follol':ine:; v:ilues are obtained for a. s:;h~rict'.l 'l.'~;T cL'.r[;e: 

b = 0.1614, o 

c =331.3, o 

b l = 0.3598, 

c1 =376.7. 

b - n C~9r,. 2 - '-'. - .... , 

It is evident from Figures 4 and 5 that the measured times fallon 
the mu-ve computed from the above for:I:'1ule. quite ';:ell, a.nd tl:at ..... alues 
for various charZe weights lie on the sa~e curves since ar~ reduced 
in conforI:S.nce with the lav:s of sil'l'lili tude t:1.9 '7!llidi ty of '::::ich is t:-J .. 1S 

confirmed in this particular .ase. 

,The -relocity for large distances is calculated frmr. '~:le na:ln;:ed 
travel times by the method of Partlo and Service (rteference 7). 

One calculates the difference ~ l.:>stween the travel tines of t}':e 
sound ,lave (c = 331.3 m sec-l ) and the shock wave as fo1101.':3: 

6. = (r - r )/c - t. o 

Difrerentiatin~, one obtains 

whence 

11 
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!,~:e deri ",,t*J..ti ves 
;;r;:.pnlc~lly. 

'!2~~1':: r:r ,:,r3s~~ts ::L~ cale'ulJ..te'_~ ',' :;1:;3 C.: t":.~:;,,",rc:·· l::,~s~, -;~l",)'~ 

"~.':ld 1.va-.rz-lenGths fer a ~i;hericul T~~T c}rlrge c..'C :~t:':":cs~!:eric Fr"3~E".::.r·Si. 

The IJ.e:.lsured travel t:':mgS t, :'!.t --'J!"ious 9.l:1.bi,:;:'l~ ;~;;1.::i~i9S ... \1' -::::" 

:?ir i:".re evalua.ted according: to 1'[bl(. m ')V cO::rlnaris(jn ":i 1;1: -::1'.3 corre-- .. 
sponding ti.':le s for Tll'T calculated :"1'i "'::;(;1:'3 aid of the fOrrnl1aG men ':i :)~'3d 
cei'ort!. 

TA2LE rr 

CALC'lJIA.TED TRAVEL TlMES$ FROHT V3LOCITIES lt A:r.:l 'ilA.7E: IZ.7GTES OF 
SPEERICAL 'niT C:S:':-'i.GES A T :\'=:~OS?fISRIC P!tESSt?E 

Ya1ues corrected to 1 kg charge ";:reiGht, 0 der; C t~rr:pera"::ure, and 
o per cent hur-idi%. 

-1 3 r = 0.054 m kg • o 

r - ,.. 
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- 1/" ~ic; l!l • k(,;;= 
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'Sic; ms • kg-1A~ 
~. k -111~ Sl.C; mm •. g ';I 
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"'-'1 ) 
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- ~~ 

l. / f..) 

1.35 
1.95 
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iVhen r - r 0 ~ 1.70, tl is calculated by the formula 

When 

When 

tl = 0.1614 (r - r 0) 

(tl in milliseconds) 

2 2 + 0.3598 (r - r) + 0.0390 (r - r ) • o 0 

r - r 0> 1.70, t2 is computed by the formula 

1/t2 = 33l.S/(r - r ) + 376.7 /(r - r )2. a 0 

(t
2 

in sec -1) 

r - r a ';i!r 12, one has 

wl = 331.3 + 160/r. 

(w
l 

in m sec -1) 

The wave lengths are calculated by the approxi~a.ta formula 

These dimensionless times are shm'm in Figure 6 as functions of 
(r - r o)' For a given density ~ the values apparently lie with 
sufficl.l9ont accuracy on a straightOline. Hence one may extrapolate with 
a: satisfactory degree of precision to(r - r 0) = 0.- Reciprocal values of 
the travel times for these values of R gi~ the 'ratio of the shock 
I~ont velocity w at the density under gonsideration to the ,~locity at 
~he normal densi~y of 1.29 kg m-3 (see Figure 7). 

It is apparent fram Figure 8 rsic; Figure 7J that the relation 
between Wo and ~o is practica11ylL~ear and may be represented, if one 
chooses from Tabie IV the value Wo = 6190 m sec-l far ~o = 1.29, by the 
formula 

Wo = 6190/(0.85 + 0.116 ~o)' 

(7T in m sec -1) 
o 

for the range of ~o from 1.29 to 5.1. The present e:.cperb.ent~'.l data 
. are not yet sufficient to test whether the above formula holds also far 
the negative phase. 

The travel times measured at atmospheric pressure for ·ro.rious 
explosives as given in Table III are also evaluated by direct comparison 
with T~IT and plotted in Figure 8, ~hich shows that the travel tL~es and, 
therefore, also the shock front velocities of each explosive relative to 
TNT are not constant wit~ respect to the distance (r - r ). 

o 
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· .. E,X;~NA.TIotr OF Rt"DE:TB.ER.G' S .',,::1) S3DOV' S FOEL.~L:\.E: 

According to RU'denberg the shoe;: front veloci ty ':', is calcula::;ed 
~ t' t .J..... f' h ", .' 0 . ~. . . , ... rnm .. le energy con en", u 0 c; e e:C=?.I.os1.ve c.larGs, -:::l:e SP":(;J.llC Qer..sl.C:,· 

~~ of the distributed air, and the ambient density t; 0' "uy the l'ormula 

.... / = (:3 0 ,/ Q ) 1/2 • 
o ') a -'0 

• Substituting values for T:;T, this formula y!elds 8. value of '.'10 

.... ,hich is about one third of the measured value. ?or a Gi7en e::plosive 
(E ~~ constant) one should get 

w OC 0 -1/2 
o ., 0 • 

The neasured value s for T!!T do no+; obey this lan at all. ~r'3i ther does 
VI change proportionally to El(2, according to experil:1ents. Another 
mgthod to approach this problem hl.\5 been presented by the c.l~tl:or e1.:;o­
':lhere (Reference 8). 

Rude!lberg gives for the relation bet-:raen wand r 
o Va 

1'10 = [a2 
( X -I- 1)/( X - 1) + (X - 1)~I/(8:Jt' ~ or

2J .. 
Therefore, one should have for a given explosive al'la cler-sity 

:'ihere a
l 

and a
2 

are constants. 

function of r-2 • 

This means that 2 w sboulrl ~)e 
o 

a lL~ear 

• '\ graphical representation of these values accord:':lg to ':0.:-,1e rr 
does not verify this lai'1. 

Sedov Gives 
a.bove, 

(Reference 2) [\.ppent.i:: }J, us 

Uei ther of the above d:!.nensional for:nulae agrees ':!i'::;:-_ -:he i1:':1anu-e;:,.':n:-:;s. 
This shows i:J. addition th.a.t it is not possible to e:cpre:::: 11 as a pro-

duct of unique functions, in the form T 1 = f 1 ( I? 0) f 2 (:::) r 3 (rr), because 

i" ... ,... F:i"l;"en '!1't1nt'lS of ~('Iand~, f('\,.. ~xat1;:)le, +~A ra~;('\ .-.;" ':r'7el ... " .• "'''' 
far two difi'erent ambient densities, or for two different types of 
exp'.osives, should be independent oi' r; i.~e"':i each curve in both Figures 
o and 8 should be parallel to the (r ~ r )-axis, whereas aC~lally they 
are not. Therefore, it is not possible ~o find a ge~eral 1istance law 

16 



'" 

£'3 CR) which is completely independent of the other pa.ra!!:eters of ex­

plosion. This behaviour is explained by the fact that changes of the 
quantities describing the wave front are affected not only by the dis­
tance from the charge but also by the pressure distribution behind the 
front, as the a.uthor ha.s shovm elsewhere (Reference 9). This pressure 
distribution is not independent of the properties of the explosive 
material, and, therefore, each explosive substance must have its mvn 
characteristic pressure-distance law. 

All measuring equipment, with the exception of the spiral oscillo­
graph and the tubes for the cathode-ray oscillograph,v~s designed and 
built by the Fysikaliska Forskingsavdelningen, AB Bofors. The measu~e­
menta were made nith great care by Sngineer A. Haggkvist, who,further­
more, proposed and developed methods to provide the cathode-ray oscillo­
graph with a PSTlr fuze and attended to the numerous i.';lportant details. 

SU~\RY 

Travel times of shock waves emitted from bare spherical C!"!:lrses of 
high explosives have been measured. The experimental arran~ements are 
described. Observed values may be reproduced with great precision by • 
the f~lae siven in Figures 4 and 5. 

The scaling laws have been verified over the whole range. 

The relation between the front velocity and tr..e a~bient density of 
the surrounding atmosphere has been determined. 

The front velocities of shocks from PETN and from. different mixtures 
of nIT' and Al have been determined (Figure 8). 

The resulting data do not verify the theories of Rudenberg and 
Sedov. 
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Apmmrx A 

THE MOTIOH OF AIR nr A STRONG EXPLOSION 

(La movement d'air en cas d'une forte explosion) 

by 

L. I. Sedov 

Comptes Rendus (Doklady) de L'Acadtmie des Sciences de l'DRSS 

1946, Vol. 52, No.1, pp.17-20 

In my preceding co~unications (References A-I, A-2) I have sh~m 
certain new L~portant families of solutions of non-linear equations in 
gas dynamics for plane, cylindrical and spherical .vaves. The gas 
motions corresponding to these solutions may have strong discontinuties 
which are propagated with variable velocity. The entr~py, therefore, 
assumes different values for different gas particles. 

It is of interest in the study of explosion phenomena to deteroine 
the law of variation of the shock wave velocity as a function of its 
posi tion 'l'1i th respect to the place of explosion The shock 'wave velocity 
and the initial state of the gas determine the pressure ~~ps, the 
velocities and the densities of the gas particles; it is these magnitudes 
that should define the ~echanical effect of the explosive action. 

We shall now consider the problem of the propagation of an ex­
plosion wave under the following assumptions: 

(1) In the spherioal case one neglects the dimensions of the 
charge and we consider it as a point; the energy liberated by the ex­
plosion is regarded as finite. 

(2) At t.'1e initial moment (t = 0) air is at rest. At the 
centre of explosion energy is released instantaneodsly and ~he air 
traversed by the shock front is disturbed. 

(3) Atmospheric pressure is neglected relative to the shock 
front pressure. 

The last assumption shows that the results of the solution do not 
depend on the initial pressure of the gas, but may depend on t.~e initial 
density Ro ~ 0 which characterizes the inertia of the gas particles. 

The assumed ideal r(gime does not take into account factors which 
influence the phenomena taking place L~ the ~ediate vicinity of the 
charge (the finite dimension of the charge, the mass of the charge, etc.). 
At a large distance from the point of explosion the shock ','!ave becOIiles 
a sound wave; in this process the atmospheric pressure is important and 
now the third assumption is inadmissible for the description of the 
phenomena at large distances from the charge. 

20 



The above assumptions may be considered reasonable where ~~e 
shock is still strong but where the distance is large relative to the 
charge radius. Under such assumptions one may choose the follmving 
independent dete~inative dimensional parameters for the problem of 
adiabatic motion of an ideal gas: 

the time t; 

the coordinate r representing the distance fram the point o~ 
explosion; 

the atmospheric density {f o~ 

a constant E, proportional to the energy liberated by the 
explosion. 

One may modify the equation of motion and the equation of state of 
the gas to the system of independent quantities determining the dimension. 

Now one may introduce different important physical constants the 
dimensions of which are expreSSible by the dimensions of E and of f? o. 

Having defined the system of characteristic paraneters in this 
manner by means of dimension theory, it is sinple to obtain the formulae 
which yield the laws of variation of the shock front velocity c and of 
the shock front distance r*. 

In the spherical case one has 

r'" = (E/ g 0)1/5 t 2/ 5, c = dr*/dt = (2/5)(E/ ~ 0)1/2 .Cr*) -3/2; (1) 

similarly, in the cylindrical case 

r'" = (E/ ~ 0)1/4 t l / 2, c = (1/2)(E/ ~ 0)1/2 (r*)-l; (2) 

and in the plane case 

r* = (E/ ~ 0)1/3 t 2/ 3, c = (2/S)(E/ ~0)1/2 (r*)-1/2. (3 ) 

It follows from the formulae (lL (2), and (3) that for differentl~r 
• shaped charges one obtains different la~s of variation of the shock wave 

velocity with distance from the point of explosion. 

At points behind the shock £ront we have 

v = (r /t) V C~ ), ~ = ~ 0 R ( A ), 2 
p = ~ o(r/t) p(A.). 

In the spherical case tr.e abstract parameter A is defined by the 
formula 

By (4) the probl~ of determining the motion of a Sas may be reduced 
to one of ordinary differential equations. If the gas is ideal and the 
process adiabatic L~ the domain of continuous motion, the ~bove ons 
become in the case of spherical sJ~etry (Reference A-2) 
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[2(V-l) +'3(r-1)] (V- %) - (r-1)V(V-1)(V- f) - [2(V-1) + 6~r-1)~= 
~~ = z ____________ ~--~~--__ --~----~--~--_=--------~04r----

(v .. ..?.) [V(V-l) (V-..?.) .;. (..!- - 3 V) z1 
5 5 5r ~ 

2 2 
(V - '5) - z d 1Il A 1/5 

d V = V(V-l) (V - ~) + (5~ - 3 V) z 

2 
d In (V - 5') R 
-d-l:c.-),,~11'""'l7":-5 -- = 3V 

2 
V-"5 

(6) 

(7) 

(8) 

where z = d' P;R and r = c /c~ the ratio of' the isobaric a:ld isocnoric 
heat capacities. p 

It may be shmvn that the system of equations (6), (7) a:ld (8) 
possesses an integral 

2 2 2 2 '\ 
V (V - '5) R + r _ f P (V - '5) + 2 PV = AA 

where A is a certain constant. 

(9) 

To the· state of'imperturbed air corresponds a particular ~olution 
of the equations (6), (7) and (a) vii th z = 0; v = 0; ~ = r; ; ? = 1 and 
A arbitrary. Across the shock front the state changes abr~ptlyand one 
has(ReferenceA-2) . 

v = o.a/( k'. + 1); z = 0.32 % ( Y - 1)/( r + 

R = (l' + 1)/( r- 1); A = const. 

(10) 

The constant A vanishes for 
(10). In this case the integral 
equation (6) 

z - ( l' - 1) (0.4 - V) V
2 

- 2 
2 (V - '5 r) 

t."e state corres?cndiu€; ·::0 the formulae 
(9) leads to the following soluti~ of 

(11 ) 
\--

To the centre of symmetry corresponds a particular solution of 
equation (6), namely 

V = 2/7 and z = 00. 

Using (11), ~e may express A and R in finite form as functions of 
V by starting from the equations (7) and (8). In this man.""ler we obtain a 
simple and complete solution of the problem. 

Figures A-l, A-2 and A-3 shaw the laws of variation of the 7elocity, 
the density and the pressure of air behind a shock wave ( r = 1.4); the 
constant E is related to El , the energy liberated by the explosion, by 
E = 1.175 El • 
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At the centre of t.l-J.e explosion the velocity and the density are 
zero; the pressure approaches zero as the ti~e increases. This sh~p.s 

that when a wave becotles weak an inverse motion of the gas toward the 
centre of the explosion must take place. 

By means of the equations (6), (7) and (8) nne rna:, nhtain the 
solution of (4) ,71th several or even infinitely many shocks. 

RE?.uREUC3S 

(1) L. I. Sedov 

On Unsteady Motions of a Compressible Fluid 

C. R. Acad. Sci. URSS, Vol. 47, ~ro. 2, 1945, pp. 91-93 

(2) L. I. Sedov 

Prikladnahya. Matematik:!; i Mekhanika, Yal. 9, No.4, 1945. 
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APmIDIX B 

CO?'::PARIsmr WITH C(1'PILED DATA 

Data on spherical Pentolite compiled at Aberdeen ha~ ~een corrected 
from an ass~~ed temperature of 20 deg C to 0 deg C and ars plotted on 
Figure B as a smooth curve. 

The corresponding part of Weibull's data on spherical 
kg as given in Table I is plotted on the same figure. 
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